A metabolic hood consisting of an oblong Plexiglas dome (1.1 m long, 0.6 m wide, 0.3 m high) mounted in a wooden frame was suspended 10 cm below the surface of the water in the test section. Air was pumped through intake and exhaust ports mounted in the dome. When water was flowing in the flume, the seals determined their own breathing rate. Four or five practice sessions in the flow channel beginning several weeks before an experiment were usually sufficient to train a seal to swim steadily for 30-60 min at water velocities up to 1.4 m s-'. We considered that the seals were trained when we were able to obtain reproducible values for oxygen consumption at each speed.
During a swimming session, a seal that had been fasted overnight was placed in the flow channel and allowed to accommodate for 30 min. Resting metabolism was measured in still water if the seal remained inactive for 30-60 min. During measurements of swimming metabolism, the first 10 min were allowed for the seal to achieve steady-state metabolism. Metabolic rate was then determined during 30 min of steady-state swimming at different water velocities. During each session, a seal swam at three speeds of increasing velocity ranging from 0.5 to 1.4 m s-5l. The seal was allowed to rest for 20 min while the analyzers were recalibrated between measurements at each speed.
CONSUMPTION AND CO2 PRODUCTION
The metabolic hood in the flow channel served as an open-circuit system for measuring 02 consumption (V02) and CO2 production (Vco2). Air was drawn through the chamber with a vacuum pump, and the flow rate was measured with a calibrated dry gas meter (American Meter Division) accurate to within 1%. A flow of 60 liters * min-1 kept the fraction of 02 in the dome above 19.5% and the fraction of CO2 below 1.3% at maximum swimming speeds. Applied Electrochemistry 02 and CO2 analyzers continuously sampled gas in the exhaust line from the dome. Moisture and CO2 were removed from gas entering the 02 analyzer with Drierite and Baralyme, respectively. Gas entering the CO2 analyzer was dried only. Vo2 and Vco2 were calculated according to the equations of Depocas and Hart (1957) . The 02 analyzer was calibrated with dry room air (20.94%) and the CO2 analyzer with room air (0.03%) and a gas mixture of 0.5% CO2 in nitrogen calibrated on a Scholander 0.5-c3 gas analyzer (Scholander 1947) . The analog output of the 02 and CO2 analyzers was connected to an Apple II computer with an analog-to-digital interface board. The output from each analyzer was monitored every 2 s and averaged each minute to compute V0o2, VCo2, and respiratory quotient (RQ).
The entire system was calibrated with and without water flowing through the flume using a gas dilution method. For the 02 calibration, 100% N2 supplied at 2 liters* min-' through a calibrated flowmeter was mixed with the total flow of air entering the dome. The theoretical fraction of 02 (Fo2) in the gas leaving the dome was calculated using equation (1) Although a linear increase in metabolic rate with swimming speed has been reported for muskrats (Fish 1982 ) and marine iguanas (Gleeson 1979 and seals (fig. 1) . The increase in swimming metabolism correlates with the curvilinear increase in drag as a function of speed. However, Williams and Kooyman (1985) show that drag is proportional to (velocity)'4 in harbor seals for speeds ranging from 0.7 to 3.5 m s-'. This means that the power to overcome drag (drag power = drag X velocity) should scale to a factor of 2.4. This is greater than the scaling factor of 1.4 for metabolic power versus speed measured for yearling and adult harbor seals. The low scaling factor for metabolic power may be caused by the limited range of swimming speeds that were measured in this study. The scaling factor for metabolic rate versus speed may change when measurements are extended to include high-speed swimming.
In fish, swimming speed (V) is proportional to body length (L), the stroke frequency (f), and the stroke amplitude (A). Bainbridge (1958) showed that for fish fis proportional to V when the specific amplitude (A/L) is constant and fis greater than 5 s-'. In this study, f was linearly proportional to V from 0.5 to 1.4 m * s-', which indicates that A/L may be constant if the propulsive wavelength is constant. This is similar to the results obtained for mackerel in which A/L was constant and speed was modulated by f At low swimming speeds in trout in which fwas less than 5 s-', Webb (1971) observed that only the product of fA/L was linearly proportional to V. The relationship between fand V may therefore diverge from linearity for seals at low speeds (e.g., less than 0.5 m s-'), but we were unable to make reliable measurements in this range.
Another way of expressing the energy requirements of locomotion is the cost of transport, which is obtained by dividing Lovew RQs ranging from 0.71 to 0.76 during steady-state swimming indicate that fat was the principal metabolic fuel. In addition, venous blood samples taken from a yearling seal during one swimming session showed no increase in the lactic acid concentration over normal resting levels (e.g., 0.4 mM) at speeds up to 1.4 m s-'. This indicates that oxygen stores were sufficient to maintain aerobic metabolism and prevent the accumulation of lactic acid at these work levels. Although the seals were breath-holding during swimming, the average dive duration of 52 s for yearlings and 73 s for adult seals appears to be within their aerobic dive limit at speeds of 1.4 m s-'. Because the seals experience less hydrodynamic drag during submerged swimming as compared with surface swimming (Williams and Kooyman 1985) , energetic costs are less if the seal remains submerged as much as possible. By keeping the dive duration within the aerobic dive limit, the seals can maintain steady-state, aerobic metabolism while swimming submerged 80%-90% of the time.
